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ABSTRACT  Osmotic shock is a  procedure  in which Gram-negative  bacteria 
are  treated  as follows.  First  they are  suspended  in 0.5  ~t sucrose containing 
ethylenediaminetetraacetate.  After  removal  of the  sucrose  by centrifugation, 
the pellet of ceils is rapidly dispersed in cold, very dilute, MgC12. This causes 
the  selective release  of a  group  of hydrolytic enzymes.  In  addition,  there  is 
selective release of certain binding proteins. So far, binding proteins for D-galac- 
tose, L-leucine,  and inorganic sulfate have been discovered and purified.  The 
binding proteins form a  reversible complex with the substrate but catalyze no 
chemical  change,  and  no  enzymatic  activities  have  been  detected.  Various 
lines  of evidence suggest that  the binding proteins may play a  role in active 
transport: (a) osmotic shock causes a large drop in transport activity associated 
with the release of binding protein; (b) transport-negative  mutants have been 
found which lack the corresponding binding protein; (¢) the affinity constants 
for binding and transport are similar;  and (d) repression of active transport of 
leucine was accompanied by loss of binding protein. The binding proteins and 
hydrolytic enzymes released by shock appear to be located in the cell envelope. 
Glucose  6-phosphate  acts  as  an  inducer  for  its  own  transport  system when 
supplied exogenously, but not when generated endogenously from glucose. 
In recent years, investigators have directed attention to a group of degradative 
enzymes  and  other  proteins  in  Escherichia cdi  and  related  Gram-negative 
organisms which are not bound to isolated cell wails or membranes; yet it is 
believed that they are confined to a surface compartment rather than existing 
free in the cytoplasm. Evidence for surface localization is indirect and will be 
discussed later in detail,  but one indication is the fact that these proteins can 
be  selectively released  from  the  cell  by  relatively  mild  procedures.  These 
procedures  include  treatment  with lysozyme  (muramidase)  and  ethylenedi- 
aminetetraacetate  (EDTA), and also exposure of bacteria to a form of osmotic 
shock. 
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The proteins that  are selectively set free are listed in Table  I  (left side). 
Included are nine hydrolytic enzymes, of which alkaline phosphatase was the 
first to be investigated in this way. Malamy and Horecker  (1) demonstrated 
that it is completely released into the sucrose medium when E.  coli cells are 
converted to spheroplasts with lysozyme and EDTA.  The list also includes 
binding proteins for leucine, sulfate, and galactose. The binding proteins are 
able to interact specifically with these substrates to form a reversible complex 
but without catalyzing any chemical change; they have been implicated in 
active transport of these materials into the cell. 
TABLE  I 
LIST OF  PROTEINS  SELECTIVELY 
RELEASED  BY OSMOTIC  SHOCK  AND  THOSE 
WHICH  REMAIN  WITHIN  THE  CELL 
Proteim releaJed  Proteins not rel~ 
Alkaline phosphatase  (5) 
5'-Nucleotidase  (6-8)* 
Acid hexose phosphatase  (5) 
Nonspecific acid phosphatase  (5) 
Cyclic phosphodiesterase  (5) 
ADPG pyrophosphatase  (5) 
Ribonuclease I  (5) 
Asparaginase II (9) 
Penicillinase  (10) 
Leucine-binding protein~  (13) 
Sulfate-binding protein  (I 1) 
Galactose-binding protein:~  (14) 
/~-Galactosidase (5) 
Polynucleotide phosphorylase  (5) 
Histidyl RNA, synthetase  (5) 
Adenosine deaminase  (5) 
Thiogalactoside transaeetylase  (5) 
Uridine phosphorylase (5) 
Lactic dehydrogenase  (5) 
Leucine aminopeptidase  (5) 
Certain other dipeptidases  (5) 
DNA polymerase (5) 
Ribonuclease II (phosphodiesterase)  (5) 
Glucose 6-phosphate dehydrogenase  (5) 
Glutamie dehydrogenase  (5) 
Inorganic pyrophosphatase  (5) 
Adenylic acid pyrophosphorylase  (5) 
Guanylic acid pyrophosphorylase  (5) 
DNA exonucleasc I  (5) 
5'-nucleotidase inhibitor protein  (6-8) 
Glycerol kinase§ 
UDPG pyrophosphorylase  (5) 
Abbreviations:  ADPG, adenosine diphosphoglucose; and UDPG,  urine  diphosphoglucose. 
*This  enzyme also  has  UDPG  pyrophosphatase and  ATPasc activity. 
~In  this  paper  we always refer  to  L-amino acids  and v-sugars. 
§Unpublished observation  by  Dr. C. Furlong. 
Spheroplasts show partial removal of cell wall and undergo lysis unless an 
osmotic stabilizer,  such as 0.5 re sucrose, is present.  Only about  10 % of the 
bacterial  protein appears  in  the medium, and  a  number of enzymes have 
been tested and found to remain entirely within the spheroplasts. It is difficult, 
however,  to  investigate the effects of selective release with spheroplasts be- 
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to work with strong sucrose solutions. Fortunately, the same group of proteins 
can be released without loss of the cells' viability and with no loss of osmotic 
stability  by  subjecting  bacteria  to  moderately  severe  osmotic  shock.  The 
method is as follows. Cells are harvested in midexponential phase and washed 
several times with 0.03 M Tris (hydroxymethyl) aminomethane (Tris) buffer, 
pH 7. The pellet of cells is suspended in 80 parts of 0.5 M sucrose containing 
0.033 ~  Tris-HC1,  pH 7.2, and  1  X  10  -4 M EDTA.  The  mixture  is  gently 
agitated  for  10  min  and  centrifuged,  after  which the supernatant  solution 
is  removed.  The  well-drained  pellet  of cells  is  now  rapidly  dispersed,  by 
vigorous shaking, in 80 parts of cold 5  ×  10  .4 M MgC12 solution. Once more 
the mixture is gently stirred  and centrifuged and the supernatant  solution, 
called the shock fluid, is removed. This fluid contains the hydrolytic enzymes 
already  referred  to  (Table  I)  as  well  as  the binding proteins.  It  contains 
about 3.5 % of the cellular protein when the cells are grown under conditions 
that suppress the synthesis of alkaline phosphatase. 
The shocked cells are viable and, when resuspended in fresh medium, they 
grow normally after a  lag period of 30-40 min. This lag period is prolonged 
if cells which had been grown in a  rich, semidefmed medium are transferred 
to a  synthetic medium after the shock treatment (2).  Shocked cells also have 
difficulty in adapting to a new carbon source, such as D-galactose and the lag 
is  prolonged. During  the lag period  they are  sensitive to  concentrations of 
actinomycin D,  lysozyme,  ribonuclease,  deoxyribonuclease,  and  EDTA  in 
the medium which are without effect on normal cells. This has been attributed 
to abnormal permeability, caused by an injury to the cell envelope. By the 
end  of the lag period,  repair  of the permeability barrier  has  taken  place. 
Components of the acid-soluble nucleotide pool are lost by osmotic shock and 
presumably restored before growth is resumed. 
The shocked cells show growth and cell division in recovery medium at a 
time when very little restoration of enzyme activities has occurred. Thereafter 
the rate  of synthesis of enzymes that  had  been  released  by  osmotic shock 
exceeds the rate of general protein synthesis, so that normal levels are obtained 
after about three generations of growth. 
The osmotic shock procedure described here should not be confused with 
a  treatment described by Loretta Leive (3,  4) in which E.  coli  are  incubated 
with  EDTA  in  the presence of tris  buffer,  but without the sharp  osmotic 
transition  from 0.5  M sucrose  to  0.5  mu MgCI~.  Her  procedure causes  an 
increase in permeability to actinomycin D  but release of enzymes does not 
occur. Lipopolysaccharide material is removed by the Leive procedure and 
also during the first stage of osmotic shock. Nearly two dozen other proteins 
have been examined and found to remain almost entirely within the shocked 
cells  (Table  I  right side).  One of these happens to  be an  inhibitor for  5'- 
nucleotidase  (6-8).  Sonic  extracts  show  almost  no  5'-nucleotidase  activity 9  8 s  TRANSPORT  PROTEINS 
because of the inhibitor,  but shock fluid reveals full activity for  Y-nucleo- 
tidase; the enzyme is selectively released, leaving its inhibitor behind. 
The studies considered in this paper were carried out with E. coli or Salmo- 
nella typhimurium. However,  the technique of osmotic shock is  applicable  to 
most enterobacteriaceae. The extent of release of the enzymes listed in Table 
I  (left side) is usually greater with E. coli than with other species. It is possible 
that the method should be modified somewhat for other organisms. With E. 
coli in stationary phase it is necessary to increase the concentration of EDTA 
to 1 ×  10  -a M and to replace the 0.5 mM MgC12 with distilled water. 
BINDING  PROTEINS 
A  group  of proteins  released  by  osmotic  shock  have  been  implicated  in 
transport  activity.  These  are  the  so-called  binding  proteins,  which  form 
reversible complexes in a  specific manner with certain compounds that are 
transported into the cell. 
Sulfate-Binding Protein 
Pardee and associates (11) investigated the transport of sulfate and thiosulfate 
into S.  lyphimurium. Transport occurs against a  concentration gradient and 
energy is required. Furthermore, sulfate transport is temperature dependent 
and is repressed in cysteine-grown bacteria.  Certain mutants (Cys A) do not 
transport measurable amounts of sulfate but show binding to the cell surface. 
This  binding  activity  is  missing in  cysteine-grown  cells.  Spheroplasts  lose 
transport activity,  and  binding activity is  found in  the sucrose solution in 
which  the  spheroplasts are  made.  Osmotic shock  causes  a  parallel  loss  in 
binding activity and sulfate transport activity; furthermore, binding activity 
can be detected in the shock fluid. Also, both transport and binding activity 
are  lost  in  a  class  of chromate-resistant mutants,  and  regained  by genetic 
reversion or transduction. All of these data suggest an association of binding 
activity and transport. 
The assay for binding activity in the shock fluid depends on equilibrating 
an anion exchange resin with sulfate in solution. Addition of binding protein 
to the solution shifts the equilibrium and releases more substrate from the resin 
into the solution. The binding protein was purified to a  point where it was 
homogeneous by disc gel electrophoresis and sedimentation velocity analysis. 
It has recently been crystallized. The protein has a molecular weight of 32,000 
and binds one sulfate ion with a  binding constant, K,~, of 3  X  10  -~. It has no 
ATPase activity and  does not catalyze  the decomposition of p-nitrophenyl 
phosphate. 
Although binding appears to be related to transport, the two activities are 
not identical. Thus, there are transport-negative mutants which show binding 
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Leucine-Binding Protein 
Oxender and his colleagues  (12,  13)  have made a  careful study of leucine 
transport  in  Escherichia  coli.  It  may  be  worthwhile to  mention  the  assay 
procedure briefly, since it is in common use. For the kinetic studies, incubation 
times of 30 see were used to give a  good approximation of the initial rate of 
transport.  A  portion of the cell suspension which had been incubated with 
labeled  amino acid was  then filtered on  a  MiUipore membrane filter and 
rapidly washed with  medium at  25 °  C.  Chloramphenicol was  present  to 
minimize protein synthesis, and under these conditions over 95 % of leucine 
and isoleucine taken up in a 2 min period could be accounted for as chemically 
unchanged amino acid. 
Leucine, isoleucine, and valine share a  common transport system. Thus, 
the Km of entry (concentration resulting in half maximal initial rate of uptake) 
for both leucine and isoleucine is about 1 X  10  -6 M, and the K~ for isoleucine 
when inhibiting the entry of leucine is also 1 X  10  -e M. Further, at sufficiently 
high concentration, both isoleucine and valine completely inhibit the trans- 
port of leucine. 
When  the  bacteria were subjected  to  osmotic  shock  the  initial  rates  of 
accumulation of leucine and  valine were considerably reduced, compared 
with relatively little reduction for alanine and proline.  This  encouraged a 
search for amino acid-binding activity in the shock fluid. A  binding factor 
was discovered which proved to be a protein. It was measured by equilibrium 
dialysis,  in  which  a  sample  of dialyzed shock  fluid  or  other  solution was 
placed inside a  dialysis sac and further dialyzed against a  dilute solution of 
labeled amino acid. If the sample had binding activity, a larger concentration 
of labeled amino acid appeared inside the sac than outside. 
The dissociation constant for the binding reaction was also determined by 
equilibrium dialysis, systematically  varying the concentration of labeled amino 
acid to obtain a  saturation curve. The constants for the dissociation and the 
inhibition of formation of the complexes were compared with the Km and K~ 
of cellular uptake of leucine, isoleucine, and valine. The values were quite 
similar. This suggested a  role for the protein in cellular uptake. Supporting 
evidence was obtained by growing E.  coli  in the presence of leucine, which 
repressed the synthesis of the leucine-binding protein as well as the ability of 
the cells to transport leucine. More recently a  strain of E.  coli was isolated 
which revealed a K~ of uptake of only 2  X  10  -7 M. From this organism, bind- 
ing protein was isolated which also showed a dissociation constant of 2  X  10  -7 
M. 1 
The  binding  protein  was  purified  by  column chromatography and  was 
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crystallized by adding 2-methyl-2,4-pentanediol. The crystalline protein was 
homogeneous as judged by polyacrylamide gel electrophoresis, ultrafiltration, 
and immunodiffusion. There was an unexplained disagreement between the 
values  for  molecular weight obtained  by  ultracentrifugation  (24,000),  gel 
filtration  (36,000),  and  amino acid  analysis  (34,000).  Amino acid analyses 
showed a low content of sulfur-containing amino acids. As with other binding 
proteins studied thus far,  1 mole of substrate was bound per mole of protein. 
The purified binding protein retained full activity for several weeks at  -  15 °C, 
and it was able to resist heating for 5 min at 100°C.  Treatment with 3 M urea 
caused almost complete inhibition of isoleucine binding but  this was com- 
pletely reversible by dialysis.  Acetylation or  N-methylation of leucine de- 
stroyed its ability to be bound.  Various metal ions were tested and found to 
have no effect on isoleucine binding. N-ethylmaleimide had no effect on the 
binding of isoleucine and was not itself bound. Binding was the same at 4 ° and 
37°C, at 0.004 and 0.8 ~ phosphate, and over a wide range ofpH. 
A number of possible enzymatic functions were examined, including leucyl- 
RNA  synthetase,  leucine  transaminase,  dipeptidase,  ATPase,  and  leucine 
esterase activities. None of these were present in the binding protein. If it is 
assumed that the shock treatment removes most of the binding protein from 
the cell, it can be calculated that each cell contains about 104 molecules of the 
protein. 
Anraku carried out an independent purification of the leucine-binding pro- 
tein from another strain of E.  coli and studied its properties (14).  His results 
are in general agreement with those of Oxender and associates. He confirmed 
that  1 mole of substrate was bound per mole of protein, using a  column of 
Sephadex G-25 that had been equilibrated with the substrate. Binding protein 
was applied to the column and, as it emerged, it carried with it an increment 
of leucine, giving a peak in the elution pattern. From measurements of sedi- 
mentation and diffusion behavior, a molecular weight of 36,000 was obtained. 
The protein was relatively acid  stable and was not inhibited by zinc  ions, 
iodoacetic acid, and sodium azide, reagents that are potent inhibitors of active 
transport. 
Galactose-Binding  Protein 
The capacity for galactose accumulation by E.  coli mutants lacking galacto- 
kinase was reduced when they were subjected to osmotic shock (15). From the 
shock fluid obtained with one of these strains (W 3092),  Anraku (14) purified 
a  protein that  bound galactose-14C  as measured by equilibrium dialysis or 
Sephadex G-25  chromatography. The protein was pure as judged by sedi- 
mentation behavior and  disc  gel  electrophoresis; its  molecular weight was 
35,000.  Like the leucine-binding protein,  it was relatively heat- and  acid- 
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complex of binding protein and galactose consisted of one molecule of sub- 
strate  per  molecule of protein,  and  the dissociation constant was  approxi- 
mately  10  -e. 
Of a large number of carbohydrates tested, only galactose and glucose were 
bound. The galactose-binding protein was inactive with leucine. It was free of 
galactokinase, acid hexose phosphatase, and uridine diphosphoglucose pyro- 
phosphatase activities. Also the reversible binding of galactose took place with 
no detectable alteration of the sugar. 
Using both a  different procedure and a  different strain of E.  coli,  Rogers 
(16) has also been able to solubilize a  binding activity for glucose and galac- 
tose. 
Arabinose-Binding  Protein 
Hogg and Englesberg (17) were able to demonstrate binding of L-arabinose by 
cell-free extracts of a mutant E. coli which was permease positive but lacked an 
isomerase and therefore could not metabolize arabinose. The factor was pres- 
ent in  an  ammonium sulfate fraction  precipitating between  70  and  100 % 
saturation.  It was nondialyzable and  resistant  to digestion with deoxyribo- 
nuclease, it is presumed to be a protein. The authors did not state whether this 
factor could be removed by osmotic shock or not.  The arabinose transport 
system is inducible and no binding component could be demonstrated with 
bacteria grown in the absence of arabinose. Further, it was absent in double 
mutants that were lacking both in isomerase and in the ability to transport 
arabinose. From these data the authors suggest that the binding protein may 
play a role in the uptake of this sugar. 
No doubt other binding proteins will be discovered and purified, for the 
problem is  being investigated in a  number of laboratories.  It is likely that 
effective release by osmotic shock will be demonstrable only in certain cases. 
In a  survey by Anraku  (14) he found that binding activity for alanine and 
phenylalanine was essentially undetectable in shock fluid and the transport of 
these  amino acids was relatively unaffected by osmotic shock.  There  is,  of 
course, abundant evidence that various factors implicated in active transport 
are tightly bound to bacterial membranes; for example, components of glycine 
uptake (18), the galactoside permease M  protein (19), and the "Enzyme II" 
components of the phosphotransferase system (20). 
Function  of the Binding Proteins  in  Transport 
Indirect evidence suggests that the binding proteins have something to do with 
transport and this may be summarized as follows: (a)  certain transport-nega- 
tive mutants lack the corresponding binding protein;  (b)  repression of trans- 
port activity has been associated with loss of ability to release binding protein; 
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transport of sulfate (21); and (d) a similarity in the affinity constants for bind- 
ing and for transport has been observed. In an effort to obtain more direct 
evidence, several investigators have incubated shocked cells with binding pro- 
tein to see ff some restoration of transport activity could be obtained. Negative 
results  were reported  by Pardee  (11),  and  by Piperno  and  Oxender  (22). 
However,  Anraku  found  that  prior  addition  of galactose-binding  protein 
partially restored the galactose transport of shocked cells; increases were noted 
both in rate and extent of transport (14). An additional factor also stimulated 
galactose uptake in shocked cells; it was precipitated by low concentrations of 
ammonium sulfate, was nondialyzable, but had no galactose-binding activity. 
When the binding protein and the second factor were used together, restora- 
tion of transport to nearly the original level was demonstrated. Because of the 
conflicting reports on restoration it seems desirable to reinvestigate the prob- 
lem and Dr. C. Furlong has begun such studies in my laboratory. 
LOCALIZATION  OF  PROTEINS  THAT  ARE  SELECTIVELY 
RELEASED 
Selective  release  of  certain  enzymes and binding  proteins  by osmotic shock,  or 
during the formation of spheroplasts  using lysozyme and EDTA,  suggests a 
localization  near the  cell  surface.  On the  other  hand, it  could  merely  represent 
a selective  increase in permeability  of the cytoplasmic  membrane.  The re- 
leased  proteins  vary  widely  in  molecular weight and in  other  properties,  and it 
is  not  clear  why there  should be  leakage of  just  these  proteins  from the interior 
of  the  cell.  It  is  attractive  to  postulate  a surface  localization,  but  it  is  impossible 
to show binding to any component  of membrane  or wall. Thus, when cell 
extracts  are  centrifuged  for  several  hours at I00,000  g these  proteins  are  gener- 
ally  found in  the  supernatant fluid.  In an effort  to  reconcile  these  observations 
it  has been proposed that  these  proteins  occur,  free  or  very  loosely  bound, in  a 
"periplasmic space" between cell  wall and cytoplasmic membrane  (5).  Such a 
location  would account  for  a  number of  facts: 
I. The activity  of  phosphatases released  by osmotic shock can be measured 
using intact  cells,  even though the substrates  are phosphate esters  which, in 
general, are not transported into  bacteria (5).  It is argued that  the enzyme 
molecule must be so located as to be accessible  to substrate  molecules which 
are external  to the periplasmic membrane.  However, it  should be noted that 
the rate  of hydrolysis  observed with intact  cells  is usually  less  than that  ob- 
tained with an equivalent amount of  cell  extract.  The activity  of  a suspension 
of  intact  cells,  expressed as a per cent of the activity  of an equivalent sonic 
extract,  varied from 8 to 95  %, depending on the substrate,  under conditions 
where only alkaline  phosphatase was being measured  (23).  The "per cent 
expression" also  increased  greatly  when the concentration  of substrate  was 
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enzyme in free solution. This finding implies a  partial barrier which must be 
traversed by the phosphate ester in order to reach the enzyme--presumably 
the cell wall. 
2.  Histochemical procedures for  alkaline  phosphatase,  cyclic  phosphodi- 
esterase,  and acid phosphatase indicate a  location outside of the cytoplasmic 
membrane and usually within the outer wall layer (5). 
3.  Mutants of E.  coli with defective cell walls, in contrast to normal cells, 
lose alkaline phosphatase into the medium (5). 
4.  Antibody to the sulfate-binding protein inactivated the purified protein 
but did not inactivate this protein in bacteria (21). This would argue that the 
sulfate-binding protein does not extend outside the cell wall.  On the other 
hand, the sulfate-binding protein appears to be on or outside the cell mem- 
brane by another test. Pardee and Watanabe (21) made use of a dye, diazo-7- 
amino-1,3-naphthalene-disulfonate, which was incapable of penetrating the 
permeability barrier represented by the bacterial membrane. Thus, intact E. 
coli or S.  lyphimurium were stained red-brown when treated with this material, 
but when the cells were broken and centrifuged, only the sediment of mem- 
brane and wall was highly colored. The reagent did not inactivate two "inter- 
nal"  enzymes  not releasable  by osmotic  shock,  unless  the  cells  were  first 
disrupted.  The  enzymes  were  ~-galactosidase  and  uridine  phosphorylase. 
However, the compound when applied to  intact ceils was able  to  inactivate 
both sulfate binding and transport, as well as ~-galactoside transport. 
5.  Treatment of the leucine-binding protein with antiserum caused a strong 
inhibition of leucine binding,  but  treatment of whole cells with antiserum 
caused no inhibition of leucine transport  (13).  This could be interpreted to 
mean that antibody does not have access to the binding protein in intact cells, 
that is, the binding protein is not freely exposed at the cell surface. However, 
by another technique it could be shown that the leucine-binding protein is 
localized somewhere in the cell envelope (24). The procedure was as follows. 
Bacterial cells were fixed with cold acetone, washed with buffered saline, and 
treated with rabbit antibody against leucine-binding protein. After washing, 
the cells were reacted with sheep anti-rabbit gamma globulin conjugated to 
horse  radish  peroxidase.  A  cytochemical  stain  for  peroxidase  was  applied 
after which the preparation was examined in the electron microscope. Precise 
localization was not possible but the leucine-binding protein was clearly in the 
cell envelope, which includes wall and membrane layers. 
THE  GLUCOSE  6-PHOSPHATE  TRANSPORT  SYSTEM 
The remainder  of  this  paper  is  related  only  indirectly  with  the  topics  discussed 
above, and is concerned with some recent experiments carried out by Dr. 
George Dietz and myself  on the induced transport  of  glucose 6-phosphate in 
E. coll.  These experiments lead to the surprising  conclusion that  glucose 6- IO  4  S  TRANSPORT  PROTEINS 
phosphate, when present in low concentration in the medium, is an effective 
inducer of its own transport system, but when generated internally in high 
concentration from glucose it is unable to act as an inducer. 
Fraenkel, Falcoz-Kelly, and Horecker (25) discovered that glucose 6-phos- 
phate could serve as a carbon source for E. coli without prior hydrolysis. They 
obtained a mutant lacking glucokinase, which was able to be grown on glucose 
6-phosphate but not on glucose. Their data indicated that a transport system 
for the phosphate ester itself could be induced in E. coll. Pogell et al.  (26) made 
similar observations and found that when E. coli were treated with glucose 6- 
phosphate  they developed a  transport system that was active both for this 
compound and for deoxyglucose 6-phosphate. 
We  made a  complementary observation:  both  glucose  6-phosphate  and 
deoxyglucose 6-phosphate induced an uptake system for glucose-14C 6-phos- 
phate in E. coli E 15, as measured by a conventional Millipore filtration tech- 
nique  (2).  This strain  carries a  deletion for alkaline phosphatase.  With an 
induction period  of 45  rain,  approximately 2  X  10  -4 M hexose phosphate 
added to the growth medium gave the maximal effect. The induced uptake of 
glucose 6-phosphate was reduced by osmotic shock, often by as much as 95 %, 
in agreement with earlier studies by Anraku. With no other transport system 
were we able to obtain so great a reduction using the shock procedure. Fur- 
thermore, when shocked ceils were resuspended in a synthetic growth medium 
containing glucose a number of constitutive transport systems, such as that for 
leucine, were restored to normal in about 90 min, at which time there was no 
significant restoration of glucose 6-phosphate uptake. Dr. Dietz is looking for a 
specific binding protein released by shock, but the search is made difficult by 
the presence of acid hexose phosphatase in shock fluid. 
Since glucose 6-phosphate is a normal metabolic intermediate, the question 
arose why E.  coli cells are not induced for transport by glucose 6-phosphate 
formed within the cells from glucose. A possible answer is that the intracellular 
concentration of this ester is extremely small and insufficient to cause induc- 
tion. Fortunately, at a time when we were considering these matters, Dr. Dan 
Fraenkel made available to us his E.  coli mutant DF 2000  which lacks both 
hexose phosphate isomerase and glucose 6-phosphate dehydrogenase (27).  As 
a  result, glucose is utilized extremely slowly and as much as 0.06 M glucose 
6-phosphate accumulates in the cell water (27).  If exponential cells growing 
with glycerol as an energy source are supplemented with as little as 2  X  10  -4 
M glucose, growth stops for a period of hours. The length of growth stasis de- 
pends on the amount of glucose added, and stasis appears to be due to inter- 
ference with the enzymatic utilization of glycerol by the accumulated glucose 
6-phosphate. 
We then investigated whether the bacteria with large intracellular concen- 
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the results of an experiment in which E. coli DF 2000 growing in the presence 
of 0.04 M glycerol received a  supplement of 0.03 M glucose. This halted growth 
for 94 hr,  and  during this  entire  time  0.03-0.04 M glucose 6-phosphate was 
present in the cell water, but no transport activity could be measured. However when, 
in addition,  1  X  10  -s M glucose 6-phosphate was given to part of the culture 
41/~ hr  after  the  glucose,  substantial  uptake  activity was  induced  within  80 
rains.  The second part of the experiment  (induction of transport by external 
glucose 6-phosphate) was important.  It shows that the failure of 0.03 M intra- 
cellular glucose 6-phosphate to  induce transport could not be accounted for 
growth stasis or by catabolite repression. 
TABLE  II 
COMPARISON  OF  ENDOGENOUS AND EXOGENOUS GLUCOSE 
6-PHOSPHATE AS INDUCERS OF AN ACTIVE TRANSPORT SYSTEM 
FOR GLUCOSE 6-PHOSPHATE 
Cells of strain DF 2000, growing in a phosphate-buffered  synthetic medium 
containing 0.04 ~  glycerol were supplemented  with 0.03 ~t glucose in early 
exponential  phase. This halted growth for 24 hr. A control culture received 
glycerol but no glucose, and showed normal growth. Samples were removed 
4 and 6 hr after the glucose addition and the uptake of glucose-14C 6-phos- 
phate was measured  by a  conventional  Millipore  filtration  technique  (2). 
Part of the glucose-treated culture received a further supplement of 1 X  10  -a 
M glucose 6-phosphate  added to the medium after 4~'6 hr. 80 man later this 
culture was also tested  for uptake activity.  Other samples were filtered  on 
Millipore filters, after which the filters were removed and extracted with hot 
water.  The hot water extracts of cells and the filtered growth medium were 
assayed enzymatically for their content of glucose 6-phosphate using crystal- 
line glucose 6-phosphate dehydrogenase and measuring production of TPNH 
fluorometrically.  G-6-P =  glucose 6-phosphate. 
Uptake of G-6-P 
C,-6-P in  G-6-P in 
Treatment  4 rain  10 rain  medium  cell water 
mvanolts/mg protein  M  I* 
1.0.04  M  glycerol  0.25  0.40  4  X  10  -6  0 
2.0.04 M  glycerol +  0.03 M  glucose 
after 4 hr  0.2  0.4  3 X  10  -6  0.04 
after 6 hr  0.2  0.4  3  X  10  -6  0.04 
3.0.04 ~ glycerol +  0.03 M  glucose; 
after 4.5 hr add 1 X  10  -~ M glucose 6-phos- 
phate and assay 80 min later  5.1  7.5 
In another quite similar experiment the supplement of glucose was reduced 
to 2.5  X  10  -4 M.  This caused growth stasis lasting about 4  hr,  during which 
time  a  concentration of 0.03  M glucose 6-phosphate was present  in  the  cell 
water  (Table  III). Only traces of the ester  appeared  in  the  medium  (about io6  s  TRANSPORT  PROTEINS 
6  X  10  -e M). No significant transport activity could be demonstrated, either 
during the period of stasis or during the course of spontaneous recovery. When 
part of the culture received 5  X  10  -4 M glucose 6-phosphate added to the medium 
2 hr after the addition of glucose, substantial transport activity was induced 
(Table III).  In this experiment certain other effects were also observed as a 
result of induction with external glucose 6-phosphate.  The hexose ester was 
discharged into the medium, where its concentration rose from 5  X  10  -4 to 
6.6  X  10  -4 M. Associated with this was a decrease in the concentration of intra- 
cellular glucose 6-phosphate,  and a  shortening of the period of growth stasis, 
compared with cells treated only with glucose.  Even as little as  1  X  10 -4  M 
external glucose 6-phosphate induced significant transport in glucose-treated 
cells whose high intracellular glucose 6-phosphate had failed to cause induc- 
tion. 
TABLE  III 
COMPARISON OF  ENDOGENOUS  AND  EXOGENOUS GLUCOSE 
6-PHOSPHATE AS  INDUCERS  OF  ACTIVE  TRANSPORT 
This experiment is similar to that of Table n, except that the E. coli received 
only 2.5 )< 10  -4 M glucose as a supplement to the 0.04 M  glycerol medium. This 
halted growth for 4  hr,  after which spontaneous recovery took place, pre- 
sumably  because  the  accumulated  glucose  6-phosphate  was  slowly  me- 
tabolized  in  spite of two  major  enzyme defects in  strain DF  2000.  2  hr 
after glucose addition, portions of the culture received an additional sup- 
plement of 5  )<  10  -4 or 1 X  10  -4 ~a glucose 6-phosphate, which reduced the 
period of growth stasis to 1 and 11/6 hr, respectively. Samples were removed 
for measurement of glucose 6-phosphate (14C-labeled) uptake and for assay 
of intracellular and extracellular content of glucose 6-phosphate. Time of 
sample  refers  to  time  after  initial  glucose  addition.  Other  details  as  in 
legend, Table II. 
Uptake of G-6-P 
G-6-P in 
Treatment  4 min  10 min  medium 
G-6-P in 
cell water 
re#moles/rag  protdn  M 
1.  0.04 ~t glycerol  0.42  0.65  4  X  10  -6 
2.0.04 M glycerol +  2.5  )<  10  -4 ~t glucose at 
2 hr  0.27  0.48  6  X  10  -6 
3~,~ hr  0.46  0.56  2  X  10  -6 
5 hr  0.45  0.50  6  X  10  -n 
3.  Same as 2, with further addition of 5  )<  I0  -4 
M G-6-P at 2 hr 
3 ~  hr  8.0  12.8  6.6  X  10  -4 
5 hr  6.6  X  10  -4 
4.  Same as 2, with further addition of 1 X  10  -4 ~t 
G-6-P at 2  hr 
3~,~ hr  2.6  4.8  2.5  X  10  -4 
M 
0 
0.035 
0.033 
0.030 
0.027 
0.008 
0.025 LEON A.  I-IZPVEL  Osmotic  Shock  IO  7 s 
In more recent experiments we have grown E. coli DF 2000 in the presence 
of gluconate as an energy source. Under these conditions, supplements of 0.005 
M glucose did not cause an inhibition  in the rate of growth,  although intra- 
cellular glucose 6-phosphate accumulated in a  concentration of 0.02 ~t.  (This 
confirms Fraenkel's report (27)). No transport activity could be detected, even 
after the high intracellular level of the ester had been maintained for 3~  hr. 
Again,  the  addition  of  5  ×  10  -a  M  glucose  6-phosphate  externally  to 
the medium, 1 hr after glucose addition, induced transport activity. It should 
be noted that the glucose-treated cells responded somewhat less well to exter- 
nal inducer than did cells not treated with glucose, and required twice as much 
glucose 6-phosphate to induce the same uptake activity. 
One may ask why cells which have accumulated 0.04 M glucose 6-phosphate 
intracellularly are able to discharge most of this  into the medium on being 
induced by external glucose 6-phosphate at a concentration of, let us say,  1  X 
10  -4 u. It happens that the transport system is not a powerful one and appears 
to produce a  concentration gradient of only about 20-fold. This means that 
when cells are induced with  1  X  10  -4 M hexose ester they should accumulate 
2  X  10  -3 M glucose 6-phosphate intracellularly. Since the glucose-treated cells 
have far more than this, the exit component of the glucose 6-phosphate trans- 
port system can be used to discharge most of the ester that has accumulated. 
We conclude that glucose 6-phosphate,  supplied in the medium, is able to 
reach a  site  where it  induces  the  formation of a  specific  transport  system, 
whereas the same compound, generated internally from glucose, is unable to 
do so. Sercarz and Gorini (28) reached a similar conclusion in a study wherein 
exogenous arginine acted as a  repressor but  not  the endogeneously formed 
amino  acid.  Various  explanations  can be offered for this  curious behavior. 
Conceivably the inducer in the medium can be channeled to a  site on DNA 
where induction occurs whereas glucose 6-phosphate generated internally is 
confined to a  compartment or series of compartments from which it cannot 
reach the inducer site. Again, one can imagine that glucose 6-phosphate, en- 
tering from the outside, passes through a region where it is enzymatically con- 
verted to another,  unknown substance,  the "true inducer." No doubt other 
explanations are possible and remain to be tested. 
SUMMARY 
A  group of hydrolytic enzymes are selectively released from certain  Gram- 
negative bacteria by a  procedure known as osmotic shock, in which cells are 
exposed successively to 0.5 M sucrose containing ethylenediaminetetraacetate 
and then to 5  ×  10  -4 M MgCI2. The same procedure causes a selective release 
of binding proteins for substrates such as n-galactose, L-leucine, and inorganic 
sulfate. These binding proteins form a  reversible complex with the substrate 
but catalyze no chemical change. After osmotic shock, the bacteria are corn- io8  s  TRANSPORT  PROTEINS 
pletely viable  but  show reduced  uptake  of sulfate,  and  of many  sugars  and 
amino acids. 
Various lines of evidence suggest that the binding proteins may play a  role 
in  active  transport:  (a)  transport-negative  mutants  have  been  found  which 
lack the corresponding binding protein;  (b)  there is generally a  similarity be- 
tween  the  affinity constants  for  binding  and  for  transport;  and  (c)  parallel 
repression of transport and release of binding protein has been reported. 
Indirect evidence suggests  that  the selectively released hydrolytic enzymes 
and  binding  proteins  occur in  the  cell  envelope,  probably in  a  periplasmic 
region between cell wall and cytoplasmic membrane. 
Glucose 6-phosphate was found to act as an inducer for its own active trans- 
port system in Escherichia  coli DF  2000 when supplied externally as a  supple- 
ment  to  the  medium,  but  not when  generated  in  high  concentration  intra- 
cellularly from glucose. 
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Discussion  from the  Floor 
Dr.  Alexander Leaf (Harvard  Medical  School, Boston) : The  question  is does your 
osmotic shock technique  apply only to bacteria or has there  been any success in os- 
motically shocking transport proteins from cells of higher organisms? 
Dr. Heppel:  Dr. Neu has made an extensive survey and applies the shock procedure 
to a  variety of bacteria.  It works less well for Gram-negative bacteria not closely re- 
lated  to Eschetichia  coli.  It works  poorly or  not  at all  for Gram-positive organisms. 
Possibly the  method  could  be altered  so that  it could  be applied  to  Gram-positive 
bacteria. 
I am not aware of studies with higher organisms. Dr. Brockman and I tried to carry 
out a kind of osmotic shock with HeLa ceils but got only lysis. 
Dr. Racker:  I would like to ask Dr. Heppel how he visualizes this remarkable system 
of induetion from without is operating. If there is no internal inducer,  does this mean 
that the synthesis of new protein is taking place in the membrane? 
Dr.  Heppel."  This is a  very intriguing  point.  I  must confess that I  don't have any 
good ideas on what really makes for this polarity. 
Question from thefloor:  Do you have any ideas concerning what fraction of the bind- 
ing proteins are not released by shock and remain associated with the cells? 
Dr. Heppel:  That is a difficult point which has troubled people working with bind- 
ing proteins,  because the assays for binding protein in shock fluid,  and especially in 
shocked  cells,  are  not very accurate.  I  can  say that  a  repeat shock does not  cause IlO  S  TRANSPORT  PROTEINS 
much further release of binding protein.  However, it is difficult to measure the frac- 
tion which might be firmly attached to the bacteria. 
In the ease of easily measured phosphatases, we know that osmotic shock releases 
80-100 % of the protein. 
Dr. Pardee:  There are, of course, many galactose transport systems in E. coli. 
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Dr. Raymond Damadian (Downstate Medical Center, New York):1 Unique proteins 
have recently been implicated in the cellular transport of/3-galactoside,  sulfate,  and 
leucine but binding proteins involved tn the transport of potassium have not been 
described.  The isolation of transport proteins for sulfate and leucine were made pos- 
sible by the osmotic shock procedure developed by Dr. Heppel and Dr. Neu. 
The recent finding in my laboratory that significant amounts of potassium were 
taken up by Escherichia coli in the absence of an energy source (phase I, Fig.  1) and the 
simplicity of this "passive" uptake suggest that potassium binding could be observed 
a Presented as "Ion exchange in Escherichia coli: potassium-binding proteins." LEON  A.  I-~PPEL  Osraotic Shod¢  I I I  S 
in cell-free extracts and that a  potassium transport protein could be isolated. I  would 
like now to report that we have been able to demonstrate K-binding activity in E. coli 
extracts, and have identified  the binding substance. 
Potassium-binding  activity  of  intact  cells  and  extracts  was  demonstrated  by 
equilibrium  dialysis.  Fractionation  of cell  material  into  subcellular  parts indicated 
that the potassium-binding activity was the same for fragmented and intact cell sus- 
pensions  dialyzed  in  medium  containing  only potassium salt (Table  I) and  in  the 
ranges studied both potassium and rubidium-binding activity varied linearly with the 
protein concentration.  On centrifugation the principal part of this activity separated 
with the soluble fraction (rows 4  and 6, Table I). 
TABLE  I 
BINDING BY  INTACT CELLS AND  SUBCELLULAR FRACTIONS 
1  mu  KC1  (pH  6.0) 
Medium 
3.0  mm KCa  -- 100 nm NaCI (pH 6.0) 
I  II  III 
Row No.  Fraction  K  conc  in dialysis sac  K  conc in dialysis Jae  Na conc in dialysis sac 
mM 
1  Medium  1.00 4- 0.01" 
2  Intact cells  7.08 4- 0.25 
3  Fragmented cells  6.48 -I- 0.20 
4  Supernatant 20 min,  6.70 4. 0.1 
17,000 g 
5  Pellet 20 min, 17,000 g  (0.43 4. 0.01)$ 
6  Supernatant  2 hr,  4.35 4- 0.20 
100,000 g 
7  Pellet 2 hr, 100,000 g  2.58  4- 0.03 
mM  mM 
3.00  4- 0.06  100.0 4.  1.0 
8.50 4- 0.12  99.0 4- 0.9 
3.90  4- 0.05  106.0 4- 1.0 
*S.E.M.,  measurements in triplicate. 
:~K concentration of the fragmented suspension  due to binding  by cell wall and  membrane 
fragments. After equilibrium dialysis,  an aliquot of the broken cell suspension was centrifuged 
at 17,000 g for 20 rain. The pellet was resuspended in the same volume of H~O and the potassium 
concentration  was  determined  by flame photometry. 
In medium containing both Na and K  salts, however, fragmented suspensions bind 
much less potassium than intact cells (Table I, column II, rows 2  and 3)  indicating 
that although disruption of the cells does not alter the amount of cation bound (Table 
I, column I) it significantly alters the capacity of the binding material to discriminate 
between monovalent cations (selectivity).  Selectivity is not totally lost however. The 
small amount  of K  bound  by the  fragmented preparation  (0.9  mM)  cannot  be at- 
tributed  to  experimental  error.  In  10  experiments  this  observation was  highly  re- 
producible (P <  0.01). The amount of K  bound was 5 times the amount that would 
have been expected if K  and Na had distributed according to their proportions in the 
dialyzing medium. Expressing selectivity as an equilibrium constant 
Ksol  =  (K)bound  " (Na)f,oo  K,ol for the fragmented 
(K)fr,  •  (Na)bound  ' II2  S  TRANSPORT  PROTEINS 
suspension is 5.0. K~ol is  1.0  when  there  is no selectivity and  (K)bound/(Na)bouad  = 
(K).~/(Na)f,~ .3 
TABLE  II 
COMPARATIVE  BINDING  OF  POTASSIUM  BY  CELLS, 
SUBCELLULAR  FRACTIONS,  AND  PROTEIN  FRACTIONS 
Total protein, g  Potaaiura bound, #molt,.r  Specific 
activity 
Frag-  Frag- 
(NH4)~SO~  Subcell  mented  Intact  (NH~)ISO4  Subcell  meated  Intact  t~ moles K 
fractlom  fractions  crib  cellJ  fractlom  fractions  cellJ  cellJ  g prot 
Intact cells 
Fragmented cells 
Supernate, 2 hr, 
100,000  X  g 
(NH4)2SO4  fraction- 
ation of supernate 
fN~hS04,% 
19.4 
30.0 
40.0 
55.0 
80.0 
100 
2.00  408  204 
2.00  373  187 
1.51  336  222 
0.470  69.0  147 
0.194  32.0  166 
0.183  27.0  145 
0.460  79.0  171 
0.090  19.0  206 
0.000  00.0 
Sub total  1.397  1.51  226.0  336 
Particulate fraction 
2  hr,  100,000  X  g  0.384  45  117 
Totals  1.894  2.00  2.00  381  373  408 
Preliminay experiments  indicated  that  the  K-binding  material  passed  through 
Sephadex G-25 with the protein peak. On Sephadex G-200 the major portion of the 
K-binding material came off the column where a  globular protein of 40,000 mol wt 
would emerge. However, the presence of some potassium binding in all protein frac- 
tions raised the possibility that K  binding was not unique to a particular protein but 
rather that the K  bound passively by E. coli is the sum of the binding by most, if not 
all, of its cell proteins. Table II is a  ledger that tallies the total protein of each cell 
fraction and the amount of potassium it binds.  The ledger demonstrates that all of 
the eell protein was recovered and that the sum of the potassium bound by all of the 
protein fractions is 80 % of the potassium bound by the intact cell. It is also clear that 
each ammonium sulfate fraction makes a significant contribution to the K  bound by 
the cell and that the specific activity of each fraction manifests relatively small dif- 
KBel  for  intact  cells  is  not  reported  since  the  difference  between  (Na)8..  and  (Na)dlaly.~to 
or  ((Na)bo,nd) was within experimental error.  Ks,l calculated  from trial values of  (Na)bound  that 
included the complete range of measurements of  (Na)bouna in 10 experiments, varied from 110  IV. LEON A.  I~PPI~L  Osmotic ~hOC~  I I ~  S 
ferences. The same result was also obtained with fractions from a  Sephadex Q AE-50 
chromatogram and established that the result was independent of the fractionation 
method employed. 
The K-binding activity of subcellular fractions is stable at 0°C for at least  1 wk, 
is not affected by treatment with ribonuclease or deoxyribonuclease, is nondialyzable 
in  a  membrane  with  an  exclusion  limit  of  10,000,  is  not  present  in  chloroform- 
methanol extracts of the fractions, has a  UV absorption maximum of 280 m~, and is 
present only in fractions that contain protein. These data are taken as evidence that 
the K-binding material is protein. 
From the excellent agreement between the total K  bound in fragmented and intact 
cell suspensions (Table I) and my data which indicate that most of this binding may 
represent the sum of the K  bound by most, if not all of the cell proteins,  it is my 
tentative conclusion that the passive accumulation of cell K  represents binding to cell 
protein and probably represents electrical neutralization of the charge on cell protein. 
Disruption of the cell does not alter the amount of cation bound but for unknown 
reasons has a  pronounced effect on its  selectivity. This conclusion, for passive ac- 
cumulation at least, is in accord with the proposal of G. N. Ling (Association-Induc- 
tion Hypothesis) that alkali metal cation accumulation in cells occurs by the selective 
binding of cations to cell proteins. 
Our data demonstrates that Escherichia coli accumulates at least one-fourth of its 
total complement of potassium ( 150 #moles/600 #moles) by the attachment of mobile 
cation to the fixed charges of cell protein and furthermore to proteins not residing 
solely in the cell membrane. 
Under the experimental conditions of Table I, the accumulated potassium in the 
intact cells ( 150 #moles/g dry weight cells) is the molar equivalent of a 50: 1 concen- 
tration "gradient." Thus, the accumulation of relatively large gradients can be ex- 
plained with the appealing simplicity of cation-binding protoplasmic polyelectrolytes 
without recourse to the complex concept of membrane-situated pumps. The data is 
consistent with the view that the ion-exchange properties of protoplasmic polyelectro- 
lyte determines the overall ionic composition of the cell. 
My conclusion that most if not all of the cell proteins contribute to the binding of 
passively accumulated potassium is in contrast with the fundamental conclusion of 
the reports mentioned above that suggest there exists a unique protein for the trans- 
port of ~-galactoside, sulfate, and leucine. 
Dr. Pardee: I won't try to decide that question, I would rather ask it of Dr. Heppel. 
And I am going to take the assumption that Dr. Racker didn't take, which is the other 
one enuciated by Dr. Heppel, namely that some chemical change happens to glucose 
phosphate  during its  transfer  across  the  membrane  to  make  it an  inducer.  Thus, 
I  want to ask Dr. Heppel whether he attempted to look for induction of the glucose 
phosphate transport system with substances such as glucose diphosphate, gluconate 
6-phosphate  or even glucose pyrophosphate. 
Dr. Heppd." No, I have not. However, Dr. Dietz and I  are planning to test a wide 
variety of esters as possible external inducers. 